mutations in the dystrophin gene that result in the complete absence of, or very infrequently, in the expression of, a truncated, nonfunctional protein. The dystrophin gene is the largest in the human genome and its coded protein is an important structural component of skeletal myofibers (2) . Dystrophin interacts with a group of peripheral membrane and transmembrane proteins through the C-terminal domain, to form the dystrophin-associated protein complex (DAPC), which provides the molecular link between the cytoskeleton and the extracellular matrix of skeletal myofibers (3) . As such, DAPC supports sarcolemmal integrity during muscle contraction. Essential components of the DAPC are the dystrophin-glycoprotein complex (DGC), which includes dystrophin, dystroglycans (DG) and sarcoglycans (SCG), and other associated proteins, such as a-dystrobrevin, syntrophins, neuronal nitric oxide synthase (nNOS), growth factor receptor-bound protein-2 (Grb2), caveolin-3 and sarcospan. In addition, enzymes (LARGE) and proteins with putative enzymatic activity (for example, fukutin-related protein [FKRP] ) interact with DGC and catalyze DG glycosylation. Mutations of individual members of the DAPC cause distinct forms of muscular dystrophies, emphasizing the importance of these genes (4, 5) . Faulty muscle structure caused by the absence of extracellular or intracellular structural proteins results in cell membrane instability, initiating a cascade of deleterious events, such as uncontrolled calcium influx, apoptosis and necrosis, inflammation and replacement of muscle with fibrotic tissue and fat (1, 6) .
Muscle degeneration and regeneration are two key events underlying the patho-genesis of several muscular diseases, and in particular muscular dystrophies. The adult skeletal muscle possesses a remarkable regenerative potential that supports the repair of injured myofibers (7) . Despite that, severe muscle loss is the invariable outcome of muscular dystrophies, leading to subverted muscle structure, and formation of fibrotic scars and massive fatty infiltration-a process called fibroadipose degeneration. This detrimental outcome typically compromises muscle function, alters the tissue environment and probably limits the potential effectiveness of regenerative approaches.
Pharmacological strategies for the treatment of muscular dystrophies are normally designed to counter the disease progression by targeting events downstream of the genetic mutation, such as inflammation, fibrosis, fat deposition and calcium homeostasis, or by promoting endogenous regeneration, or by upregulating compensatory proteins (8, 9) . Because of the hurdles that still prevent the application to dystrophic patients of gene-and cell-mediated therapies, pharmacological strategies provide a unique, immediate and suitable resource for the treatment of the current generation of dystrophic patients.
COMPENSATORY REGENERATION POTENTIAL OF DYSTROPHIC MUSCLES
Clinical and experimental evidence indicates that compensatory regeneration tends to counterbalance degeneration of dystrophic muscles at early stages of the disease (10). Regeneration of diseased or injured muscles occurs at expense of an heterogeneous population of resident muscle stem cells-the satellite cellsand possibly other cells endowed with an inducible myogenic potential (10, 11) . How and whether these muscle progenitor cells (MPC) cooperate to promote myonuclear turnover in physiological conditions, and to regenerate injured or diseased muscles, is still not understood fully. However, at advanced stages of muscular dystrophies the functional exhaustion of satellite cells compromises the beneficial effect of compensatory regeneration, leading to disease exacerbation and complicating the success of therapeutic interventions. A gradual decline in the regenerative properties of muscle typically is observed during aging also, likely as consequence of changes in the environmental cues that direct satellite cell-mediated tissue maintenance and repair (12) . A recent work from Blau et al. (13) has established the first link between replicative senescence of MPC and disease progression in the mouse model of DMD (mdx mice), showing that mdx mice with shortened telomeres in muscle cells develop anticipated and more severe signs of disease. This evidence suggests that the intrinsic failure of muscle stem cells, to support longterm compensatory regeneration of dystrophin-deficient myofibers, might contribute to DMD pathogenesis and disease progression, possibly owing to the limited proliferation potential imposed by telomere shortening. An interesting perspective indicated by this work is that interventions that rejuvenate skeletal muscles (14) and/or bypass the replicative senescence (15) could be used to extend the regeneration potential of dystrophic muscles.
Muscle satellite cells have long been regarded as the sole source of myonuclei in muscle repair, however, the recent identification of different pluripotent cell types in muscles and in other adult tissues has challenged the widely held view that tissue-specific stem cells are predetermined to a specific tissue lineage. Indeed, adult stem cells isolated from various tissues appear to differentiate in vitro and in vivo into multiple lineages, depending on environmental cues or specific culture conditions. Progenitor cells isolated from bone marrow (BM) (16, 17, 18) , from adult muscles (17, 19) , from embryonic and adult vasculature (20) and from various mesenchymalderived tissues (21) can differentiate into the myogenic lineage. The actual contribution of these alternative muscle progenitors to myofiber turnover and repair is unclear (18, 22) ; however, these alternative sources of MPC could be exploited to support therapeutic strategies to regenerate diseased or aged muscles.
Muscle-derived pluripotent cells also can contribute to muscle regeneration indirectly, by cell-to-cell interactions or by releasing cues within the regenerative environment. Regeneration cues typically instruct MPC to repair injured muscles correctly. The identification of muscle-derived interstitial cells that can adopt multiple lineages and contribute, either directly or indirectly, to muscle regeneration (23, 24, 25) is beginning to shed light on the functional interactions between the different cell types that participate in muscle regeneration. Muscle interstitial cells probably belong to a heterogeneous population endowed with limited pluripotency that display overlapping cell surface markers and similar biological properties. Interestingly, the finding that resident muscle interstitial cells retain the ability to turn into fibroadipocytes in response to signals released by degenerating muscles provided breakthrough information on the pathogenesis of neuromuscular disorders (24, 25) . Since ectopic fat formation and scar tissue are detrimental outcomes of many degenerative muscular disorders, these cells are interesting candidates as cellular determinants of disease progression. An important biological property of one of these cell populations-also called fibroadipocyte progenitors (FAPs)-relates to their reciprocal interactions with myofibers and satellite cells. In resting muscles, the interaction with intact myofibers prevents their conversion into fibroadipocytes (25) ; however, muscle injury stimulates these cells to produce paracrine factors that promote satellite cell-mediated regeneration (24) . By contrast, in degenerating muscles, such as dystrophic muscles at advanced stages of disease, these cells turn into fibroadypocytes, which mediate fat deposition and fibrosis, thereby disrupting the environment conducive for muscle regeneration (24, 25) . This evidence indicates that differences in the signals derived from regenerative or degenerative muscles de-termine fate and function of these cells, and this might ultimately influence muscle ability to repair or undergo fibroadipogenic degeneration (26) . Knowing the mechanism by which regeneration cues are converted into the epigenetic information that regulates the cell decision to adopt either the myogenic or the fibroadipogenic lineage will fill an important gap of knowledge and will provide the rationale for selective interventions toward shifting the balance between muscle regeneration and fat deposition for the treatment of muscular diseases.
INTRACELLULAR CONVERSION OF EXTERNAL CUES INTO THE EPIGENETIC CONTROL OF GENE EXPRESSION-DAPC SIGNALING TO HDAC-REGULATED NETWORKS
How are regeneration cues converted into chromatin modifications that regulate gene expression in MPC and other components of the muscle regenerative environment? A number of studies have shown that extracellular signal-activated kinases can target chromatin-modifying complexes directly and regulate their function and distribution in satellite cells (27, 28, 29) , thereby linking regeneration cues with changes of gene expression in muscle progenitors. Likewise, membraneassociated complexes, such as DAPC, have been suggested to modulate intracellular signaling to the nucleus. Previous studies indicated that DAPC regulates intramuscular generation of nitric oxide (NO), by documenting NO deficiency in dystrophic muscles (30) . Independent reports have shown that NOmediated S-nitrosylation of HDAC2 influences gene expression in different cell types by altering the acetylation status of histones at specific loci (31, 32) . The molecular connection between DAPC and chromatin has been described in muscle cells, by showing that NO signaling regulates HDAC2 activity by S-nytrosylation, which inhibits HDAC2-mediated gene repression (32) . In muscles of mdx mice, the absence of dystrophin at the sarcolemma delocalizes and downregulates NO synthase (nNOS), leading to deficient S-nitrosylation of HDAC2 and constitutive inhibition of HDAC2-target genes. It is likely that DAPC-regulated NO signaling to HDAC2 mediates transcriptional adaptation to mechanical cues, such as those derived from myofiber contraction. Thus, the interruption of DAPC-NO signaling to HDAC2 in dystrophic muscles might compromise myofiber adaptation to contraction and contribute to muscle degeneration. One key gene controlled by HDAC2 in muscle cells is follistatin (33) , the endogenous antagonist of the most potent inhibitor of skeletal myogenesismyostatin (34) . Although the precise contribution of the folli statin/myostatin (and other TGF-β members) network to the pathogenesis of muscular dystrophies is unclear currently (35) , it is likely that the physical and functional interactions between these proteins regulate the size of adult skeletal muscles, in response to different stimuli, including mechanical cues. Thus, it is possible that HDAC-mediated control of follistatin transcription is important to maintain proper muscle size and structure postcontraction, and that an unbalanced follistatin/ myostatin activity, which is caused by deregulated HDAC2 function in dystrophic muscles (32) , contributes to DMD pathogenesis. Indeed, direct inhibition of myostatin (36, 37) or delivery of follistatin (38, 39) exerted similar beneficial effects in mdx mice-the mouse model of DMD-and are currently exploited for clinical trials in DMD (40, 41) . Likewise, direct inhibition of HDAC2 by HDACi, or inactivation by either nitric oxide donors or by reconstitution of the dystrophin-NO signaling (32) leads to derepression of follistatin, which mediates the ability of HDACi and NO signaling to stimulate myogenesis in vitro (42, 43) and counters muscle degeneration in mdx mice (33,44)-see also next paragraph. Taken together, these findings identify in the HDAC-regulated myostatin/ follistatin axis an important common target for therapeutic interventions that can be translated immediately into clinical practice.
A large amount of work illustrated the mechanism by which HDACs regulate muscle specific gene transcription in satellite cells, by controlling the activity of myogenic bHLH proteins (MyoD, Myf5, myogenin and MRF4) and MEF2 family factors (MEF2A, MEF2B, MEF2C and MEF2D) (45) . These transcriptional activators cooperate to activate the expression of muscle genes (46) and noncoding RNAs involved in the activation of the myogenic program (47) . Histone acetyltransferases (HATs) and histone deacetylases (HDACs) function antagonistically to regulate muscle gene expression, via control of histone acetylationa modification that promotes gene expression-by direct interactions with myogenic bHLH proteins and MEF2 family factors. In undifferentiated myoblasts, association of MyoD and MEF2 factors mediates HDAC recruitment to the chromatin of target genes and prevents hyperacetylation and unscheduled activation of muscle gene expression (48) . Interestingly, while class I HDACs (HDAC1 and HDAC2) show constitutive nuclear localization and preferentially associate with MyoD (49,50), class II HDAC members, HDAC4 and 5, shuttle between the nucleus and the cytoplasm and are dedicated repressors of MEF2-dependent transcription (51, 52) . Upon differentiation, displacement of HDACs from the chromatin of target genes correlates with the hyperacetylation at muscle loci and activation of muscle gene transcription genes (27) . Moreover, acetylation of MyoD (and possibly other muscle bHLH proteins) and MEF2 factors contribute to stimulate transcription of target genes (53, 54, 55) . Thus, the balance between acetylation and deacetylation is a critical determinant of muscle gene transcription and is emerging as a crucial target of interventions toward manipulating the regenerative potential of muscle stem cells.
Recent evidence demonstrates a reciprocal control between HDACs and muscle-specific microRNA (miRNAs). miRNAs are emerging as important regulators of muscle development, homeo-stasis and regeneration, and several studies reported on altered levels of miRNAs in muscular dystrophies and other muscular disorders (56, 57) . A number of muscle-specific and nonspecific miRNAs are induced during myogenesis, and many genes controlling myoblast proliferation and differentiation are the targets of miRNAs (58) . An interplay between HDACs and miRNAs was described originally by Chen et al., who showed that miRNA-1 (miR-1) and miRNA-133 (miR-133) are clustered on the same chromosomal loci and transcribed together in a tissue-specific manner during development (59) . Importantly, these two muscle-specific miRNAs (also called "myomiR") have distinct roles in modulating skeletal muscle proliferation and differentiation. miRNA1 is induced during myogenic differentiation and downregulates HDAC4, leading to derepression of MEF2-activated gene transcription. By contrast, miR-133 enhances myoblast proliferation by repressing serum response factor (SRF) (59) . Following this initial observation, a number of additional myomiR has been described (60) . One important aspect of these miRNAs consists of their control by most of the same epigenetic regulators that typically control the expression of muscle genes. For instance, myomiR generally are regulated by MyoD-and MEF2-responsive promoters (47, 61, 62, 63) , which typically are regulated by HDACs. Thus, by extension, HDACi are predicted to promote the expression of myomiR in myoblasts.
The relationship between DAPC signaling to HDAC2 and the expression of miRNAs involved in the pathogenesis of DMD has been elucidated recently by Bozzoni's group, which documented a reduced expression of miR1 and miR29 in muscles of dystrophic mdx mice, in coincidence with the absence of dystrophin and the consequent reduction of NOmediated nytrosylation of HDAC2. The same authors demonstrated by chromatin immunoprecipitation that the expression of these myomiR is regulated by HDAC2. Indeed, restoring the NO signaling to HDAC2 in dystrophic mice, by exon skipping, leads to derepression of specific miRNAs (64) . This evidence indicates a deregulated epigenetic control of miRNAs in dystrophic muscles, as a consequence of the primary genetic defect-mutations affecting dystrophin expression-as also suggested by previous works (65) . Importantly, DAPC signaling to HDAC2-regulated miRNAs appears to have an important role in the pathogenesis of muscular dystrophies. In fact, reduced levels of miR-1 correlates with an upregulation of one of its target genes, the glucose-6-phosphate dehydrogenase (G6PD), which is involved in the generation of antioxidant molecules that protect muscles against oxidative damage. Moreover, reduced levels of miR29 coincide with an augmented expression of two targets, such as elastin and collagen, which are implicated in muscle fibrosis. Collectively, these data demonstrate that deregulated DAPC/NO signaling to HDAC2 in dystrophic muscles is an important epigenetic contributor to DMD pathogenesis, as it controls a network consisting of miR and target genes involved in two key events of disease progression-fibrosis and oxidative stress. Given the predominant role of class I HDACs (which preferentially target MyoD) (50, 49) in the control of miRregulated networks, it is predicted that selective inhibition of class I HDACs can have beneficial effects on dystrophic muscles comparable to those observed with global HDACi (see paragraph below). Moreover, a distinct network of potential relevance in muscular dystrophy is composed by miRNA and class II HDACs and consists of miR-1-mediated suppression of HDAC4. In regenerating skeletal muscle, miR-1 expression is induced by mTOR signaling to MyoD, and miR-1-mediated suppression of histone deacetylase 4 (HDAC4) results in production of follistatin and subsequent myocyte fusion (66) . While it has been shown that follistatin promoter is regulated selectively by class I HDACs (33), it is possible that HDAC4 controls follistatin expression indirectly or through MEF2 binding sites identified in the distal elements of follistatin promoter (PL Puri's lab, unpublished data).
Thus, HDAC-regulated expression of genes and miRNAs involved in muscle regeneration defines a network downstream of DAPC that supervises the epigenetic control of gene expression in normal and dystrophic muscles, and therefore contributes to compensatory regeneration of dystrophic muscles or muscle degeneration during disease progression. Importantly, this network is susceptible to pharmacological manipulation by HDACi or by interventions that recover the integrity of DAPC. Therefore, pharmacological interventions that target HDAC (that is, HDACi) have the potential to direct this network toward compensatory regeneration, instead of fibroadipogenic degeneration.
EPIGENETIC PHARMACOLOGY IN MUSCULAR DYSTROPHIES-MOLECULAR DETERMINANTS OF CELL AND GENE SELECTIVITY OF HDACi
The beneficial potential of HDACi in the treatment of muscular dystrophies has been exploited in two distinct mouse disease models-the mdx mice, which are deficient for dystrophin expression and simulate DMD, and the α-sarcoglycan null mice, a model of limb-girdle muscular dystrophy type 2D (LGMD2D) (33) . Although these mice show a milder "disease phenotype," when compared with dystrophic patients, they recapitulate most of the salient pathogenetic events and reproduce signs and features of disease progression. As such, they provide the most amenable and approachable disease model for exploratory and preclinical evaluation of experimental interventions in muscular dystrophies. In both models, long-term exposure to distinct HDACi-trichostatin A (TSA), valproic acid (VPA) and phenylbutyrateeffectively countered disease progression (33) . These compounds are general inhibitors of HDACs (and are therefore called pan-HDACi) that promote formation of skeletal myotubes with an increased size in vitro (42, 43) . When ad-ministered to dystrophic mice, these HDACi exerted similar beneficial effects. In particular, in mdx mice, HDACi increased the cross-sectional area (CSA) of myofibers, decreased the cellular (inflammatory) infiltrate and prevented the formation of fibrotic scars, which contribute to counter the muscle loss and the functional decline that are observed typically in mdx mice (33) . Interestingly, the extent by which HDACi ameliorates the mdx phenotype varies significantly among these compounds, with TSA being the most effective drugs at defined concentrations (TSA 0.6 mg/kg, delivered by daily intra-peritoneal injection) (33) . The differences among these drugs are probably ascribed to their different pharmacological profile and bioavailability. Remarkably, these effects were achieved in the absence of dystrophin restoration or utrophin upregulation, indicating that HDACi target events downstream of DAPC. Indeed, similar beneficial effects were observed in mdx mice upon delivery of NO (67), which mediates DAPC signaling to HDAC2 (32) . This is consistent with a global deficiency of NO observed in dystrophin-deficient muscles (30, 65) . A common mediator of the beneficial effects exerted by HDACi and NO is follistatin (see paragraph above), which mediates the increased CSA observed in myofibers of mdx mice exposed to either NO donors or HDACi (43, 44, 33) . While a relationship between increased CSA and protection of muscle integrity has been proposed (68), it should be noted that follistatin can target other pathogenic events of muscular dystrophies, such as fibrosis, independently (69) .
Current studies are seeking to define the relative ability to counter DMD progression with a number of different HDACi, which have been used in clinical practice for some time (VPA and phenylbutyrate) or have been approved recently for the treatment of cancer and other diseases. Among them, we have tested the suberoylanilide hydroxamic acid (SAHA) and ITF2357 (givinostat) in the treatment of mdx mice MS275 (33) . These compounds all were effective in ameliorating the dystrophic phenotype of mdx mice (unpublished data). A dose-finding study was performed by Colussi et al. with SAHA, using escalating doses ranging from 0.3 to 100 mg/kg/day delivered to mdx mice for 3 months (70) . This study identified an efficacy in recovering functional and histological parameters within a window of doses between 0.6 and 5 mg of SAHA, with evident reduction of the beneficial effects with doses lower than 0.6 mg and higher than 5 mg. While the reason is still unclear for the dosedependent response of mdx mice to SAHA, this evidence indicates that dosefinding studies should be extended to all HDACi used for the experimental treatment of muscular dystrophies. The same study reported on an interesting correlation between mdx exposure to SAHA (5 mg/kg/day) and restoration of the profile of specific plasma proteins that were found to be expressed differentially in mdx mice versus their normal counterpart (70) . An interesting insight into the specific role of individual HDACs in the pathogenesis of muscular dystrophy is suggested by the comparable efficacy of MS275, which selectively inhibits class I HDACs (33) , and pan HDACi. This suggests that inhibition of class I HDACs is sufficient to exert most of the beneficial effects observed in HDACi-treated mdx mice, once again emphasizing the key contribution to mdx pathogenesis by class I HDACs. Consistently, class II HDAC specific inhibitors have shown an opposite effect in vitro, inhibiting rather than promoting skeletal myogenesis (71) .
One of the hurdles for the translation into clinical trials of experimental drugs endowed with therapeutic potential in animal models of muscular dystrophy is the absence of information on critical pharmacological parameters in childrenan issue that often complicates the use of these drugs in DMD boys. A notable exception is represented by ITF2357, which is being tested currently in a phase I safety study in children affected by Systemic Onset Juvenile Arthritis (SOJIA) (72) . Preclinical studies show the effectiveness of ITF2357 in preventing disease progression in mdx mice after prolonged exposure (PL Puri's lab, unpublished data). These studies are predicated to provide the key information for the translation of ITF2357 into clinical trials for DMD.
Studies performed in animal models have revealed a somehow surprising selective effect of HDACi that is in apparent conflict with the expected widespread activity of these drugs, which cause global inhibition of ubiquitous HDACs and the consequent hyperacetylation in all organs and tissues. Clinical trials with HDACi confirmed a relative selectivity of action of HDACi, which within certain doses cause more minor side effects than those expected (73) . HDACi appear to target specific cell types, which are enriched in organs and tissues subjected to high nuclear turnover-that is, resident stem cells of rapidly self-renewing organs and tissues (74) . This might explain the selective activity of HDACi toward tumor cells and the most prominent side effects observed in treated organisms that derive from the HDACi activity on rapidly self-renewing organs, such as bone marrow, hair follicle, skin and intestine (75) . This evidence leads to the speculation that HDACi might target specific cellular populations, such as cancer cells or other cell types activated in response to physiological or pathological conditions, selectively-for example, compensatory regeneration in degenerative disorders, such as muscular dystrophies. Remarkable features shared by these cell types are their relative stemness or multipotency and tendency to self-renew and proliferate. Consistently, embryonic stem cells are particularly sensitive to HDACi (76, 77) , and HDACi are especially active during embryo development (78) . Collectively, these observations point to pluripotent cells (both embryonic stem cells and adult, resident stem cells) as preferential target of HDACi, and suggest that stem cell-specific chromatin signature could provide the "permissive ground" for changes in gene expression, upon exposure to HDACi.
A number of studies have begun to address this issue. We previously have shown a stage-dependent effect of HDACi in muscle cells in vitro and in vivo (42, 43) . These studies demonstrated that the ability of HDACi to promote muscle gene expression and to implement skeletal myogenesis is restricted to proliferating muscle precursors, such as cultures of undifferentiated myoblasts during in vitro myogenesis, and muscle progenitors during somitogenesis and regeneration of injured muscles in adult life. These findings prompted us to hypothesize that tissue progenitors and terminally differentiated progeny respond differently to HDACi. To test this hypothesis, we have examined the changes in gene expression induced by TSA in undifferentiated human primary myoblasts versus terminally differentiated human myotubes, by microarray analysis. Figure 1A shows that TSA perturbs the gene expression profile in myoblasts significantly, but not in myotubes (the complete list of upregulated and downregulated genes has been deposited in NCBI's Gene Expression Omnibus [79] and is accessible through GEO series accession number GSE27073 [http:// www. ncbi.nlm.nih.gov/geo/ query/acc. cgi?acc=GSE27073]).
The large majority of the genes upregulated by TSA in myoblasts were involved in the myogenic differentiation program ( Figure 1B) and showed a significant overlap with the genes induced in C2C12 mouse myoblasts exposed to TSA and subsequently incubated in differentiation medium (43) (Figure 1C) . Thus, in myoblasts, HDACi anticipate the expression of genes that are normally induced during differentiation. Interestingly, genomewide location analysis showed that the genes induced by TSA in myoblasts showed specific epigenetic signatures, consisting of either coexistence of comparable levels of H3K4 trimethylation (H3K4me3) and H3-K27me3 (42% of induced genes) or predominant enrichment for H3K4 me3 (57% of induced genes) ( Figure 1D ). In contrast, virtually none (1%) of induced genes showed a selective enrichment of the repressive mark H3-K27me3. Thus, the absence of bi valence or preexisting activator marks (that is, H3K4me3) precludes gene activation by HDACi, indicating the importance of functional interactions between HDACs and the chromatin modifying complexes responsible for preexisting histone modifications-for example, polycomb and thritorax complexes. A bivalent chromatin structure is an epigenetic signature that identifies genes poised for transcription that typically are enriched in embryonic stem cells or other pluripotent cell types (80, 81) . During cellular differentiation, "chromatin bi valency" typically is resolved into chromatin conformations either permissive or repressive for gene transcription (82) (83) (84) . Resolution of this "bivalency," together with other epigenetic modifications (that is, DNA methylation), is likely to confer resistance to HDACi in myo tubes and perhaps other terminally differentiated tissues. In contrast, pluripotent tissue progenitors or adult stem cells, which are enriched in "bivalent genes," are more susceptible to changes in gene expression when exposed to HDACi, which presumably contribute to resolve the bivalence by inducing hyperacetylation (see schematic illustration in Figure 2 ). Of note, we have observed both upregulated and downregulated genes in myoblasts exposed to TSA. We do not know if downregulated genes are affected directly or indirectly by HDACi.
Future genome-wide studies of the epigenetic profile of muscle stem cells isolated from normal and dystrophic skeletal muscles exposed to HDACi will shed light on the chromatin landscape that predicts responsiveness to HDACi.
Recent work is providing further support to the existence of epigenetic determinants of HDACi selectivity in regulating gene expression (85, 86 ). An emerging mechanism relates to the relationship between histone acetyltransferases (HATs) and HDACs that appears more dynamic than expected and involves other histonemodifying enzymes, such as histone lysine methyltransferases (HKMTs). Through large-scale strategies, Wang et al. provided evidence that both HATs and HDACs are recruited to transcribed regions of active genes by phosphorylated Pol II (86) . These studies indicate that the function of the majority of HDACs in the genome is to remove acetyl groups at active genes during the process of transcriptional initiation and elongation, thus resetting the chromatin structure for a next round of transcription. For instance, genes that are primed by H3K4me3 are poised for activation and subjected to a dynamic cycle of acetylation and deacetylation by transient HAT/HDAC binding. Conversely, silent genes deprived of any H3K4 methylation show no HDACs binding and are not susceptible to acetylation upon treatment with HDACi. Thus, H3K4me3 appears to be a prerequisite for histone hyperacetylation and transcription of those genes that are activated by HDACi (86) . This work provides new fundamental insight on the mechanisms by which HDACi affect gene expression, and explains why genes uniquely enriched in H3K27me3 are insensitive to HDACi (see Figure 1) . In an independent study, Karantzali and colleagues demonstrated that HDACi preferentially target genes enriched for H3K4me3 and H3-K27me3 in embryonic stem (ES) cells, further indicating the relationship between "chromatin bivalency," stem cells and response to HDACi (85) .
On the basis of the evidence described above, we are tempted to speculate that adult stem cells, which are activated in high-turnover organs and tissues or upon injury and diseases (that is, during compensatory regeneration), or transformed (cancer) stem cells are the preferential target of HDACi. It will be interesting to explore the potential synergism between pharmacological interventions that promote "chromatin bivalence" and HDACi. The activation of tissue-associated stem cells is imparted by extrinsic signals (that is, regeneration cues), which are converted into chromatin modification by intracellular signaling pathways (27) . Thus, one interesting perspective is to modulate the signaling to the chromatin in specific cell types pharmacologically to confer responsiveness to HDACi. We have recently shown that p38 signaling, which is elicited in muscle stem cells by regeneration cues, such as TNFα, directs polycomb repressive complex 2 (PRC2)-mediated repression of Pax7, via H3K27me3 (28, 87) . Pharmacological inhibition of this signaling in activated satellite cells, by anti-TNF antibodies or EzH2 inhibitors, might be used to induce "chromatin bivalence" of key genes and "sensitize" to HDACi cells that would otherwise be resistant.
CONCLUSIONS: TOWARD CLINICAL TRIALS WITH HDACi IN MUSCULAR DYSTROPHIES
The available data indicate the HDACi are strong candidates for the pharmacological treatment of DMD. Unlike with steroids, which currently are used as palliative treatment in muscular dystrophies, the molecular rationale and the epigenetic basis of the beneficial effect of HDACi are being revealed. In particular, HDAC-regulated networks downstream of dystrophin appear to be key targets of HDACi and might mediate their ability to promote regeneration at the expense of degenerative events. Future studies should identify the cell types that mediate HDACi effects in dystrophic muscles, and the epigenetic signatures predictive of response to HDACi. This information might be instrumental to predict patient responsiveness to HDACi and to identify markers of response to treatment. An interesting perspective suggested by the identification of DAPC signaling to HDACs, as a target of pharmacological interventions, is the potential extension of HDACi to the treatment of different types of muscular dystrophies.
The current availability of HDACi in clinical practice (about 100 clinical trials) indicates the opportunity for an immediate translation of these drugs into pharmacological treatments of DMD in human patients. Current efforts should be dedicated to the search of the optimal compounds and conditions for HDACibased clinical trials.
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